The objective of this study was to investigate the influence of sludge retention time (SRT) on membrane bio-fouling. An activated sludge reactor was operated at three different SRTs (10, 30, and 50 days). Submerged membrane experiments were performed when the mixed liquor suspended solids (MLSS) concentration reached the steady state conditions. MLSS concentrations reached the steady state at 3,109 ± 194, 6,209 ± 123 and 6,609 ± 280 mg/L for SRTs of 10, 30 and 50 days, respectively. The total soluble microbial products (SMP) were 20.1 ± 3.7, 16.2 ± 7.2 and 28.2 ± 8.4 mg/L at SRTs of 10, 30, and 50 days, respectively. The carbohydrate concentration in the supernatant was about two times more for SRT of 10 days than that for 50 days. The total amount of extracellular polymeric substances (EPS) extracted from the flocs were approximately 74.9 ± 11.9, 67.8 ± 15.0 and 67.5 ± 17.4 mg/g MLSS at three SRTs (10, 30, and 50 days) under the same organic loading rate. The viscosity of the biomass increased with the increasing SRT. The results of flux stepping tests showed that the membrane fouling at SRT 10 days was always higher than that of 30 and 50 days. Four different microfiltration membranes (cellulose acetate, polyethersulfone, mixed ester, and polycarbonate) with three different pore sizes (0.45, 0.22, 0.10 μm) were tested. Filtration resistances were determined for each membrane. Cake resistance was observed to be the most significant fouling mechanism for all membranes.
INTRODUCTION
Conventional activated sludge proceses are widely used for treatment of municipal and industrial wastewater. However, the performance of the treatment system usually suffers due to biomass sedimentation problems and growth of excess filamentous organisms (Meng et al. ) . The combination of membrane filtration with a biological reactor is known as membrane bioreactors (MBRs) (Brindle & Stephenson ; Nagaoka et al. ) . Submerged membrane bioreactors (SMBRs) have been developed for wastewater treatment in order to produce high water quality, to eliminate the secondary settling tank, to reduce reactor size, and to decrease excess sludge production. However, the SMBRs are more complex to design than the classical activated sludge process due to lack of clear understanding of membrane fouling. A number of environmental and operational parameters affecting sludge filterability and treatment performance have been previously investigated by different researchers (Rosenberger & Kraume ; Massé et al. ) .
Current understanding of membrane fouling in SMBRs is still insufficient. Membrane fouling is affected by physico-chemical and biological properties of the activated sludge, such as mixed liquor suspended solids (MLSS) concentration, aeration intensity, substrate type and ratio, floc size, dispersed bacteria concentration, sludge surface charge, relative hydrophobicity, soluble microbial products (SMP) and extracellular polymeric substances (EPS) (Lee et Jeong et al. ) . MBR fouling factors are mainly influenced by characteristics of the feed as well as membrane properties and system hydrodynamics. One of the most important operational factors that influence the properties of the mixed liquor is the feed to microorganism ratio (F/M). At constant feed concentration, the F/M ratio is inversely related to the sludge retention time (SRT). The SRT influences MLSS, the biomass diversity, the supernatant organics and content of EPS and SMP, all of which can foul the membrane ( Jinsong et al. ) .
Previous studies in the literature reported conflicting results for the potential cause of membrane fouling in MBRs. Han et al. () showed that fouling was greater for a 0.4 μm polyethylene hollow fiber submerged membrane when SRT increased from 30 to 100 days. Similar results were also reported by Lee et al. () with a 0.45 μm GF/C submerged membrane with SRT ranging from 2 to 100 days. However, others suggested that higher sludge concentration resulted in less fouling at longer SRT (32 vs 83 days) and lower F/M ratio (Kimura et al. ) . The conflicting results probably occurred due to variations of the membrane materials and pore sizes used in different studies. These conflicting results imply that membrane fouling is affected by the state of the biomass at different SRTs and further study is necessary to confirm the trend (Jinsong et al. ) .
Membrane fouling is mostly caused by the formation of a cake layer on the membrane surface and the deposition of colloidal matters inside the membrane porous structure, resulting in the increase of filtration resistance (Fang & Shi ) . Pore fouling of four microfiltration (MF) membranes was investigated by Fang & Shi () for the filtration of activated sludge using sonication as the means to remove the cake layer from the membrane surface. Results showed that pore fouling was affected by the membrane's microstructure, pore openings, and hydrophilicity. However, conflicting conclusions were reported in the literature for the pore fouling resistance (R p ) and the cake layer resistance: R c was claimed by some researchers as the predominant resistance in membrane fouling of activated sludge (Chang & Lee ; Kim et al. ) , while R p was proposed to be dominant by others (Bouhabila et al. ) .
The purpose of this study was to describe and identify the effects of SRT on fouling of different membrane materials with various pore sizes. Four different types of membranes (cellulose acetate, polyethersulfone, mixed ester, polycarbonate) with three different pore sizes (from 0.10 to 0.45 μm) were used in the experiments. Submerged filtration tests were conducted at constant pressure mode (À140 ± 5 mmHg), and filtration flux with time was monitored. Both in mixed liquor and in permeate, protein and carbohydrate analyses were conducted. Relative hydrophobicity, viscosity and MLSS values were also measured in mixed liquor.
MATERIALS AND METHODS

Experimental setup
The experimental MBR system comprising a bioreactor (50 L aerated tank) with four submerged flat sheet MF modules (custom made, 50 cm 2 effective membrane area each module) is shown in Figure 1 . The synthetic wastewater to simulate municipal wastewater was continuously pumped into the bioreactor at a constant rate (4.2 L/h). The activated sludge was mixed by a blower at an airflow rate of 8-10 L/ min in order to supply desired dissolved oxygen in the bioreactor. Excess sludge was withdrawn continuously out of the bioreactor in order to control the sludge age. The pH value of the bioreactor was manually controlled at 7.3 ± 0.2 by adding sodium bicarbonate, and the temperature was maintained at 22.4 ± 1.9 W C with an external ceramic heater. Four different commercially available MF membranes with 0.40-0.45, 0.22, 0.10 μm pore sizes were chosen in the study. All membranes were provided by GE Water & Process Technology. These membranes were made of cellulose acetate (CA), polyethersulfone (PES), mixed ester (ME), and polycarbonate (PC). The properties of membranes used in the experiments were given in another study (Dizge et al. ). Short-term mixed liquor filtration tests (24 h) were conducted at constant pressure mode (À140 ± 5 mmHg).
Experimental conditions
Three experimental runs at 10, 30 and 50 days of SRT were conducted under steady state conditions. The operating conditions for each run are presented in Table 1 . Excess sludge was discharged on a daily basis from the reactor to achieve the desired SRT. The bioreactor was seeded with sludge from the aeration tank of a local wastewater treatment plant and then fed with synthetic wastewater at an organic loading of 1.3 kg COD/(m 3 • d). The composition and concentration of the simulated sewage was 650 mg/L glucose, 50 mg/L peptone, 100 mg/L urea, 50 mg/L (NH 4 ) 2 SO 4 , 50 mg/L KH 2 PO 4 , and 5 mg/L K 2 HPO 4 . NaHCO 3 was used as a buffer to adjust the influent pH to about 7.3 ± 0.2. Required trace metals derived from CaCl 2 (10 mg/L),
, and MnSO 4 ·7H 2 O (7 mg/L) were provided to the system. All reagents were analytical grade.
Analytical equipments and methods
Analytical methods from the Standard Methods for the Examination of Water and Wastewater were adopted for the measurement of MLSS and chemical oxygen demand (COD) in the bioreactor (APHA ). Soluble COD samples were obtained by filtering the mixed liquor through a filter paper (cellulose acetate) with mean pore size 0.45 μm. The EPS extraction method followed the one that was reported by Li et al. () . The pH and conductivity measurements were carried out with a glass electrode (WTW multi 340i model pH meter). Dissolved oxygen (DO) concentration and temperature in the bioreactor were measured by a DO meter (Hach HQ 40d multi). The viscosity of mixed liquor was measured by a viscosity meter (Brookfield DV-E Viscometer). Each sludge sample was measured three times using a Zetameter (ZetaMastersize). The activated sludge mean floc size (d50) was analyzed with a laser particle size analyzer (MasterSizer 2000) .
Microfiltration resistance analysis
Membrane resistance at each experiment was evaluated by the resistance-in-series model as follows:
where R t is the total filtration resistance, which is composed of various resistances including the membrane resistance, R m , pore blocking, R p , and cake resistance, R c . J is the permeate flux, ΔP is the pressure, μ is the dynamic viscosity of permeate. The experimental procedure to obtain each resistance value was as follows.
(1) R t was estimated by the final flux of activated sludge microfiltration; (2) R m was determined by measuring the deionized water flux; (3) the membrane surface was rinsed off with deionized water and cleaned with a sponge to remove the fouling cake layer after filtering of sludge. Then, the deionized water flux was measured again to get the resistance of R m þ R p . The pore blocking resistance (R p ) was calculated by subtracting R m from the resistance obtained in step 3 and the cake resistance (R c ) obtained from difference between step 1 and step 3.
RESULTS AND DISCUSSION
MLSS changes at 10, 30, and 50 days of SRTs
The three experimental runs at 10, 30 and 50 days of SRT were conducted at steady state conditions. The MLSS changes during the operating periods are presented in Figure 2 . The experimental runs lasted 60, 90, and 180 days for the SRTs of 10, 30 and 50 days, respectively. As shown in Figure 2 , the MLSS concentrations for three SRTs (10, 30 and 50 days) increased and stabilized at approximately 3.1 ± 0.2, 6.2 ± 0.1 and 6.6 ± 0.3 g/L, respectively. The other measured parameters are summarized in Table 2 . Under the steady state conditions, SMP carbohydrate concentrations were approximately 8.1 ± 2.3, 7.8 ± 4.9 and 16.6 ± 5.7 mg/L and SMP protein concentrations were 12 ± 2.2, 8.4 ± 3.5 11.6 ± 4.0 mg/L at 10, 30 and 50 days of SRT, respectively. Results showed that protein concentrations remained almost the same at different SRTs, whereas an increasing was observed in carbohydrate when SRT was 50 days. Similar trends were reported by Kimura et al. () . They found that SMP protein concentrations were relatively constant in the three MBRs. However, the concentrations of SMP carbohydrate were higher under the condition of lower SRT.
The supernatant EPS carbohydrates were approximately 32.1 ± 6.4, 24.7 ± 5.5 31.9 ± 11.8 mg/g MLSS and the supernatant EPS proteins were 42.8 ± 8, 43.1 ± 12.9 35.6 ± 7.8 mg/g MLSS at 10, 30 and 50 days, respectively. Results showed that protein concentrations were higher than carbohydrates at all SRTs. Similar findings were also reported by Ng et al. () .
The floc size distrubition of sludge sample was also measured. The size distributions of the flocs changed from 80.5 to 89.94 μm, 54.9 to 63.6 μm, and 49.6 to 50.5 μm at 10, 30, and 50 days, respectively. It was observed that the particle size of the flocs reduced when SRT increased.
Variation of fluxes at three SRTs
The initial and steady state fluxes as well as total permeate volumes of the membranes with different pore sizes at 10, 30 and 50 days of SRT are presented in Table 3 . It can be seen that the filtration performance was the best for membranes with pores size of 0.1 μm at low MLSS values (SRT ¼ 10 days). CA, PES, and ME membranes yielded similar permeate volumes, whereas PC showed relatively poor performance at that SRT. When the SRT increased (MLSS COD removal efficiency (%) 89 ± 4 8 9 ± 4 9 0 ± 3.8
Relative hydrophobicity (%) 82 ± 7 8 6 ± 7 5 6 ± 7 SMP p (mg/L) 12 ± 2.2 8.4 ± 3.5 11.6 ± 4.0 SMP c (mg/L) 8.1 ± 2.3 7.8 ± 4.9 16.6 ± 5.7 SMP p/c 1.5 ± 0.4 1.3 ± 0.6 0. The initial flux values of CA membranes were much greater than the other membrane materials when SRT was 10 days, whereas the PC membranes yielded the lowest initial flux (except for 0.2 μm). High initial flux of the CA membranes was attributed to the surface properties of the CA membranes. CA membranes are rather hydrophilic with interconnected pores. Some pore openings are greater than the nominal pore size of the membranes. Thus, significantly greater initial flux values were observed for CA membranes. PC membranes, however, are relatively less hydrophilic with a cylindrical pore structure. The number of the pores within the surface area is relatively less than the ones with interconnected pore size. That caused the lower initial flux for PC relative to the others. It was concluded that interconnected pores with large pore openings promoted higher initial flux. As the solid retention time increased (MLSS increased) initial flux values decreased for CA, but increased for PC. There was no distinct behavior for ME and PES membranes. The difference between initial flux values of different membrane materials and pore sizes at SRT of 50 days were not as significant as those at SRT of 10 days.
Analysis of resistances-in-series model
In order to characterize the fouling phenomena, the resistance-in-series model has been applied. Several resistances (intrinsic membrane, pore blocking and cake resistance) using such model have been evaluated. The values of R m , R p and R c and their relative percentages in R t for different membrane materials with different pore sizes are presented in Table 4 . In general, R t values of all membrane materials decreased as the pore size decreased at the SRT of 10 days. Generally R t values reduced as the SRT increased. However, as the SRT increased (i.e. 30 and 50 days) the change in R t values among different pore sizes were not significant, yielding similar steady state flux values. Therefore, it was concluded that pore size of the membrane had no significant influence on the filtration performance at higher SRT. However, lower total resistances were obtained from smaller pore-sized membranes (0.1 μm) at lower SRT (i.e. 10 days). This can be attributed to the variations of MLSS, since the changes of other fouling parameters (SMP and EPS) in the reactor with increasing SRT were not as significant as MLSS concentration. Therefore, MLSS was assumed to be the major parameter causing fouling with increasing SRT. The type of membrane materials also did not cause any significant changes in the total resistance. This was attributed to the fact that the cake resistance was the dominant factor controlling the fouling, as discussed below.
The cake resistance comprised more than 80% of the total resistance in all membranes except for ME 0.10 and PC 0.10 for which R c values were approximately 70%. It was apparent that the pore resistance became relatively more important for lower pore-sized membranes (0.10 μm) when MLSS was low. In general, the cake resistance dominated the fouling behavior of all membrane types and pore sizes. As the SRT increased, both pore resistance and cake resistance values decreased. Ahmed et al. () have also shown that the specific cake resistance decreased with increasing SRT. The reason was attributed to the increase in bound EPS (Ahmed et al. ) . However, in this study, the changes in bound EPS of carbohydrate and protein were not significantly different. The fouling was attributed to the concentration of MLSS and increased viscosity. Similar findings were also reported by Han et al. () . Decrease in pore resistance was quite significant as the SRT increased, showing that pore fouling was observed less when MLSS was high. Opposite results were shown by Fang & Shi () suggesting that pore resistance increased by increasing SRT. The decrease in R p in this study was atributed to the rapid cake formation. When MLSS was high, both the number of particles and the viscosity of the liquor were greater, which caused rather quick cake layer formation. This layer acted as a secondary membrane preventing the severe pore fouling. It was concluded that fast-forming cake layer reduced the pore resistance. Pore resistance values among different membrane materials did not show apparent differences as opposed to those reported values for PES by Fang & Shi () . That was due to the fact that the cake removal was performed by surface cleaning in this study whereas sonication was applied by Fang & Shi () . The values of R p for the other membrane materials (PC, PVDF and MEC) were similar to those obtained in this study. SMP compositions in the permeate SMP fractions, including both protein and carbohydrate, in permeates were analyzed at the end of the filtration. The results are shown in Figures 3(a)-3(c) . Both protein and carbohydrate contents of permeate decreased throughout filtration time. However, protein removal was slightly higher than carbohydrate removal at three SRTs. It was found that the concentrations of SMP in supernatant were always higher than those in membrane effluents. Reduction in both protein and carbohydrate concentrations suggested the accumulation of these products on the membrane surface, causing increase in cake resistance. The membrane served as a selective barrier for a certain fraction of SMP, causing removal of SMPs on the membrane.
CONCLUSION
The effects of SRT on the membrane fouling in SMBR by using different membrane materials and pore sizes were investigated. The results were as follows.
1. The fouling propensity of the biomass at SRT of 10 days was greater than at SRT of 30 and 50 days. Decrease of pore size increased the filtration performance significantly at the operation with low SRT and MLSS. 2. Neither the membrane type nor the pore size of the membrane influenced the membrane performance significantly at higher MLSS values. 3. The cake resistance dominated the fouling, comprising more than 80% of the total resistance in almost all experiments. Both cake and pore resistance values decreased as MLSS increased. Decrease in pore resistance was significant as the SRT increased. That may be attributed to the rapid cake layer formation due to high MLSS concentration and high viscosity, acting as a protective layer for membrane pores. 4. The cake layer on the membrane served as a selective barrier for a certain SMP fraction, causing removal of SMPs on the membrane.
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